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Beedenue. CraTba NocBaljena pelieHuto 3aa4n ONTHMasIbHOrO 
ynpaBleHHa MporleccoM nosyseHua Ouora3a pH HelpepbIBHOM 
pexKuMe ero TepepaOoTKH B JByx MeTaHTeHKax. Lenn paOorsi: 
TipeCTaBHTb MaTeMaTHYeCKy!O MOJeJIb JaHHOrO Mpoecca u 
pa3paOoTaTb alIropuTM BbIOopa ONTHMasIbHOTO yipaBlIeHHA. 
Mamepuanoi u memoovi. Co3qaHHad MaTeMaTHyecKad MOJeJIb 
OMMcbIBaeT TOUyaeHHe Ouora3a H3 OTXONOB %KHBOTHOBOCTBA 
IIpH WocweqOBaTesbHOK MepepaboTKe cyOcTpata B ByX MeTaH- 
TeHkax. PaccmaTpMBatoTca Ciry4an OJMHAKOBBIX HU pa3sIM4HbIxX 
TeMMepaTypHBIX cpex (Me30@HIbHOH u TepModusbHON). J[n4 
WaHHo Moyer ccopMysmMpoBaHa 3aya4ya OlnTHMasIbHOrO 
yupaBleHua B Bue 3afa4H Jlarpanxa. Ee ynpaBisatomjuMu 
TlapaMeTpaMM ABJIAIOTCA CKOpOCTH HocTymleHua cyOcTpata B 
MeTaHTeHKH. [IpeayoxKeH aIropHTM pelieHHa Janno 3a7a4H, 
OCHOBaHHBIM Ha 4c 

JICHHOH peam3alyyu mpHayuna MakcuMyma Jloutparuna. IIpu 
ONTHMM3allHH TPHMeHAsIcA THOpHAHbI reHeTH4ecKHH asro- 
PHTM C JOMOJHUTeIbHBIM MOHCKOM B OKpeCTHOCTH Jry4ero 
peWIeHHa MeTOJIOM CONps»KeHHBIX TpayHeHTOB. 

Pesyabmamoi uccredoeanun. PaspadoTaHa HOoBad MaTeMaTH¥e- 
cKad MOJ[euIb, OMMCBIBaFOIad Tpollecc Wosyyenua Onora3a Npu 
TIOCHeOBaTeMIbHOK MepepadoTKe cyOcTpata B AByX MeTaHTeH- 
kax. [IpeyqyioxkeH UM MporpaMMHo peasIM30BaH YHCICHHbIM asiro- 
PHTM pellleHusA 3ayja4n ONTHMaIIbHOrO yipaBeHua.uceHHBIe 
VccCIeqOBaHHA NWoKa3asIM, 4YTO WIA TepMOMHIbHOM Cpe! CKO- 
pocTb oOpa30BaHHa Ovora3a MpakTH¥eCKM BYBOe BbILIe, 4eM 
Ila Me30@HsIbHOH. YcTaHOBIeHO, YTO MoceqOBaTebHad IWe- 
pepadotka cyOcTpaTa B JByX MeTaHTeHKax C OJ(MHaKOBbIMH 
TeMIepaTypHbIMH CpeaMH MO3BOJIAeT BABOC YBCJIMYHTb CKO- 
pocTb oOpa30BaHHa Ouora3a. Ec TemMepatypHble cpeybI B 
MeTAHTeHKaXx pa3JIM4HbI, TO B IepBOM M3 HX ClleAyeT UCMOJIb- 
30BaTb Me30@HJIBHY!IO cpeyly, a BO BTOPOM — TepMOodHJIbHytO. 
IIpu 3ToM cKopocTb o6pa30BaHHA Onora3a HECKOJIbKO HIKE 110 
CpaBHeHHI0 CO cyly4aeM, Kora B KaxK]JOM H3 MeTaHTCHKOB Me- 
30HIbHad cpela, ONHaKO CTelleHb MepepaboTKu cyOcTpata 
Bbiue Ha 10-15 %. 
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* B-mail: stkj@mail.ru, MaykovD@yandex.ru 
““ The research is done within the frame of the independent R&D. 


Introduction. The solution to the problem of optimal control of 
the biogas process under its conversion in two digesters is 
considered. The work objectives are to propose a mathematical 
model of this process and to develop an optimal control 
algorithm. 

Materials and Methods. The developed mathematical model 
describes the biomethanation from animal waste through the 
downstream processing of the substrate in two digesters. Cases 
of the same and different temperature media (mesophilic and 
thermophilic) are considered. An optimal control problem is 
defined as a Lagrange problem for this model. Its modifiers are 
the rates of substrate entry into the digesters. The algorithm for 
solving this problem is proposed; it is based on the numerical 
implementation of the Pontryagin maximum principle. When 
optimizing, a hybrid genetic algorithm was used with an 
additional search in the neighborhood of the best solution 
through the conjugate gradient method. 

Research Results. A new mathematical model is developed. It 
describes the biomethanation during the downstream 
processing of the substrate in two digesters. A numerical 
algorithm for solving an optimal control problem is proposed 
and software-implemented. The numerical studies have shown 
that the biogas production rate is nearly twice as high for a 
thermophilic medium as for a mesophilic one. It is established 
that the downstream processing of the substrate in two 
digesters with the same temperature medium allows the biogas 
production rate to be doubled. If the temperature media in the 
digesters are different, then in the first of them, the mesophilic 
medium should be used, and in the second - the thermophilic 
medium. At this, the biogas formation rate is somewhat lower 
compared to the case when there is a mesophilic medium in 
each of the digesters; however, the degree of the substrate 
processing is by 10-15% higher. 
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O6cyarcdenue u 3axmouenua. Tlomy4eHHble pe3yIbTaTbl MOTyT 
OBIT HCHONb30BaHbI WI pacueTa M KOHCTpyHpoBaHua Onora- 
30BBIX YCTaHOBOK, a TakoxKe IPH pa3paOoTKe COOTBeTCTBYIOMero 
TIporpaMMHoro oGecrieyeHHs. 


Koouesble c10Ba: MeTaHoreHe3, Ovora3, MeTaHTeHK, Tepepa- 
OoTKa OTXOJOB %KMBOTHOBOCTBa, MaTeMaTHYecKad MOJeIIb, 
cucTema udepeHyMabHEIx ypaBHeHHi, 4HCceHHOe pelie- 
Hue, MCTOIbI ONTHMH3AIHH, ONTHMAIbHOe yiipaBleHve, TIpHH- 
wut Makcumyna Ilontpsruua. 
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Discussion and Conclusions. The results obtained can be used 
for the calculation and design of biogas plants, as well as in the 
development of appropriate software. 
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Brenenne. IIpu paOote »*xHBOTHOBOAYeCKHX MpesUpHATHH, B YaCTHOCTH, MTHIedaOpuK, CBHHOKOMILICKCOB, 
cbepM KpymHoro poratoro cKota (KPC), oOpa3yetca OombIIoe KOMM4eCTBO OTXOZO0B. B pe3yibTaTe ux cOpaxkuBaHuA 
(bepMeHTalIMH) B CIelMasIbHBIX pesepByapax (MeTaHTeHKax) MO%KHO TOMYINTh TOMIMBHBIM ra3 (Ovora3) H IeCHHBIC 
opraHwyeckne ynoOpeunua [1]. Stor npolecc Ha3bIBaeTCA MeTaHOreHe30M. OH MOXKeT MIpOTeKaTb IPH MepHoau4ecKOM 
WM HelpepbIBHOM MocTyleHuu cyOctpata. B mepBom cily4ae MeTaHTeHK HallosIHAeTCA OHOKPaTHO HM MOJIHOCTBIO OFI0- 
POXHAeTCA 10 3aBepleHuU (bepMeHTallMu. Bo BTOpOM cily4ae ONHOBPeMEHHO H HelpepbIBHO IIPOUCXOLAT WBa Mporec- 
ca: MocTylieHue cyOcTpata u yialleHve ero MepepaboTaHHol NopuHn. 

OOsIdHO [Id MeTaHOreHe3a MCHONb3yeTCA Me30cuIbHad cpefa (pH TemMepatype 25-38 °C) uu TepMo- 
cbumbHasa (45-60 °C). OntTumManbHad TemMiepatypa Wid Me30@uIbHOM cpegzbI — 37 °C, Ana TepModusbHOl — 56 °C. 
IIlpoqoKUTeILHOCTS PepMeHTANH AIA ITHX Cpey paBHa 25 u 12 cyTKaM COOTBeTCTBEHHO. 

SkoHomuYecKad IPeCKTHBHOCTh MPOU3BOACTBa OnOra3a 3ABMCHT OT pa3zIMYHbIX (PAKTOPOB: BUA UM KOIMYeECTBO 
CbIpbs, KIMMaTHYecKkHe ycuoBna [2] UT. 0. Kpome Toro, Ha BbIpadoTKy Onora3a CYLeCTBeHHO BJIMACT CKOPOCTE T0- 
cTylleHud cyOcTpata B MeTaHTeHK. 3Ha4¥eHHe WaHHOrO WapaMetpa 3aBMCHT OT OObeMa MeTaHTeHKa WM BUJa CbIpbA. 
UToOp! HaliTH ONTHMaIbHOe 3HAveHMe YKa3aHHOM BeEIM4HHBI, TpeOyeTca peliINTb 3aa4dy ONTHMaJIBHOTO ypaBIeHHa. 

CilelyeT OTMeTHTb, UTO Ip HelIpepbIBHOM pexkuMe (bepMeHTalluu cyOcTpaT He yclieBaeT MpolTH MOUHYtO Te- 
pepadotky. Ja MOBEIMeHuA BEIPAOOTKH Ouora3a HEOOXOAHMO HCHONIb30BaTb Ba MeTaHTeHKa, 4TOObI cyOcTpaT 10- 
cyleOBaTeIbHO MepepadaTbIBasica B KaxKOM M3 HX. Pa3MU4Hble aclieKTbI TAKOTO polecca H3y4eHbI B padotax [3, 4], 
a ero TEXHHYeCKHe peasln3allM OTPaxeHb! B WaTeHTax [5—7]. 

Bo paOotax, MOCBAUIeHHEIX MaTeMaTH4ecKOMy MOJesIMpOBaHHIo MeTaHoreHe3a, Halpumep [8, 9], He mper- 
CTaBJICH HOHCK ONTHMAJIbHOrO yipaBIeHHA MOO HaXONMTCA ero aCHMITOTHYeCKOe 3HayeHue [10-12]. AHamuTuueckoe 
pellieHve 3afa4u ONTHMasIbHOrO yipaBeHua MosydeHo B [13]. OfHako omucaHHad TaM MaTeMaTHYeCKad MOJIelIb Cy- 
I€CTBEHHO OTIMUAeTCA OT TIpeAcTaBIeHHOM B WaHHOM crate. Hpeyaraemblit 34ecb YMCeHHbIN MeTO] pellleHua 3a- 
ad ONTHMasIbHOrO yiipaBsIeHHA IIpPHMeHUM K INMpOKOMy Kylaccy MojjeueH. 

Marepuasibi HW MeTogbI. Cxema mocileqoBaTesbHOM MepepaOoTKu cyOcTpata pesctaBseHa Ha puc. |. 


MerantTeuk | MeraHtTeuk 2 


Ly» I 1 qd) 
XL, X,,L, 


Puc. 1. Cxema yByxcraquiinoro pexkuma MeTaHoreHe3a 





Ilyctb Lo — KOHIeCHTpal[ia MHTATebHBIX BeLIeCTB B CyOCTpaTe, MOCTyNaroljeM B TlepBblii MeTaHTeHK 
(xr/M’); L, 4 L, — KoHUeHTpalva NMTAaTeJIbHBIX BELIECTB B CyOCTpaTe JIA TepBOrO HM BTOPOrO Me€TaHTCHKOB COOTBET- 
crBeHHo (kr/m’); X; u X, — KOHMeHTpatMA MeTaHooOpa3yioulMx GakTepuii B MepBOM HM BTOpOM MeTAaHTeH- 
Kax («r/m°); Q, — o0bem cyOctTpata B llepBOM MeTaHTeHKe (a), Q, — BO BTOpOM; gg — CKOpocTb MocTymieHHa 
cyOcrpata B mepsbiii MetanTenK (m’/cyT), q) = “ WG) = wt CKOPOCTH BBbIJeIeHHA CyOcTpaTa u3 MepBoro U 


BTOPOrO Me€TAHTCHKOB COOTBETCTBEHHO. 
Ilorepb cyOcTpata He IpovcxogUT, NoITOMy 
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Benmunua do OllpeAesaeTca 10 oObeMy OTXOJOB, KOJIMYCCTBY UH IIpOH3BOAHTCJIBHOCTH Ovora30BbIxX yCTaHo- 








BOK. 
OTHOCHTEeJIBHEIC CKOpocTH TlOCTYNJICHHA cyOctpata ALA MCTAHTCHKOB COCTABJIAFOT: 
1 d 1 d 
ie ce ee 4Qn _ 
QO dt Q Q, dt Q) 
OOsbembI cyOcTpaToB B MeTaHTeHKax paBHBI 
q q “OQ, 
QO, =— 4 Q)=—= ; 
uy ug ug 


J|na olmMcaHua MeTaHoreHe3a IPH MOCIeOBaTebHOM MepepaOoTKe cyOcTpata UcHOub3yeTCA MaTeMaTHYecKad 
MOJleJIb, OCHOBAHHad Ha MaTeMaTHYeCKON MOC NOMyIALHOHHOK THHAaMUKH MeTaHoOoOpa3yloliNx OakTepuii AIA O7- 
HOCTayqMMHOrO pexuMa MetaHoreHesa [11, 14]: 


dX, _{ Umgit Umar 














Xi, 
dt ay + iy by + Ly 
dy fE- Bibimgi 1%) 
— =u -(Ly - Ly) 
dX. Hng2L2 b 
2 = hay Xi e| Hind292 tis, |X, 
dt ay + L, by i Ly 
diy (nd Boling2l2X2 
— =u -(L,-Ly) ; 
dt ag + L, 
3ieCb HWKHHe MHeKCbI MepeMeHHBIX (X;, L; ) M WapaMeTPOB (Hing 7.Umd i> 4i> 57, Bj, Uj ) COOTBETCTByIOT 
HoMepy MetaHtenka / € {1, 2}. [lapametpamu MogesM CHyKAT Uyg ; U Hyd j — MAKCHMA@JIbHO BO3MOXKHbIC OTHOCH- 
TENIBHbIC CKOPOCTH COOTBETCTBEHHO Mpupocta u OTMUpaHusA Gaxtepuli (cyt '); B; — Sespa3mepueiit Kospdurnent 
ycBoeuna cyOctpata; a; u b, — smnMpuyeckne Ko3pulneHnTE! (m/«r); A. — napametp, paBHbIii HymHO, ecm Temre- 


paTypHble Cpebl B MCTAaHTeHKax pa3JIM4Hbl, WH CHHULUC, CCIM 9TH CpebI COBMAaTarwry. 
3HaveHHA TlapaMeTpoOB MOJCJIN Ope TeIAFOTCA B COOTBCTCTBHH C BbIOpaHHBIM TeMUepaTypHbIM pe?KHMOM Me- 
TaHOreHe3a (Me30@HJIBHBIM WIA TePMOMUJIBHBIM). Ecnu TeMUepaTypHble cCpeybl B MeCTaHTCHKax COBIIaaroT, TO 


Ung! =Umg2 =Umg > Umdl =Hmd2 =Kmd "T. A. 
Hauasbyble yCloBua: 
X (0) = Xp (0)= Xo, L)(0)=Ly (0) =Lo, 
rye Xg — ecTeCTBeHHad KOHIeHTpaljua MeTaHooOpa3y1olux OakTepHii B HCXOJHOM cpIpbe; Ly paBHO KOHIeHTpalyH 


MMTaTeCJIbHBIX BCL[CCTB B HellepepaOoTaHHoM cyOcTpate. 

Mogens (1) noctTpoena B IpeszMoO2%KeHHM, YTO B MeTaHTeHKaXx MOA epxKUBaeTCA ONTHMaJIbHad H HEM3MeHHaAr 
Temilepatypa mpouecca. Ec TemmlepaTypHble cpe{bl pa3yIM4Hbl, TO Ip WoOcTymeHHu cyOcTpata u3 OAHOTO MeTaH- 
TeHKa B pyro JOIKeH NPOMCXOAUTh HarpeB WIM OXxIaKeHe JO TEMMepaTypbI BO BTOPOM MeTaHTeHKe. 

Cxopocts o6pa30BaHua Ouorasa (M’/cyT) B i-M MeTaHTeHKe paBHa 


Yillng iL Xj 
WwW; => —— ’ 
a; +L; 
rye Vi = Ko3ulneHnr, XapakTepH3ylolnit CKOPOCTb lipeoOpa30BaHna TMTAaTCJIbHbIX BeCIICCTB cyOctpata B Onora3 


(°° /Kr). 
Jia NOJIYAYCHHA 3aadH ONTHMaJIBHOTO YUpaBJIeHHiA HeOOxOHMO AOUOJIHUTh CHCTCMY ypaBHeHnit (1) KpHTe- 
PHasIbHBIM (pyHKUHOHaTIOM 





T 
LX LHX 
y=| YiRmgi4 1, Y2Hmg2 22 dt —> max , (2) 
0 


qq +L, ag +L, 
onpeyemmomuM oOuqii BEIXO_ Guoraza c 1 mM’ cyGcTpata B MepBOM HM BTOPOM MeTaHTeHKax 3a Bpema 7. OnTumu3H- 
PYCMBIMH TapaMeTpaMH 3aadn CILY7KAaT OTHOCHTCJIBHbIC CKOPOCTH MOCTYINJICHHA cyOctpata B MeCTaHTCHKH uy uu uy B 


cucTeme ypaBHennii (1). 
Cuctempr (1)—(2) apusarotca 3anauamu Jlarpamxa. B oOujem ciy4ae 3aa4H ONTHMasbHOrO ynpaBlleHHA MMe- 
eTca cucTema JudPepeHuMabHBIX ypaBHeHHi Bua 


A =£(x(1), u(t), 1), r[0, f|,£eR" wer, (3) 
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ee HavasIbHble YCJIOBMA: 


Xx (0) =Xoq- 
TpeOyercs Haiitu OnTHMasbHOe ynpaBseHve u(t), JOcTaBmAIolee MakCHMyM KpHTepHasbHOMy (yHKUMOHa- 
ay 
T 
J =| Fo(x(¢), u(t), t) > max. (4) 
0 
Jl14 uucreHHoro pellenua 3aqa4H Ha Mpomexytke [0, 7] BBogUTCA pasHOcTHas CeTKa cC y3IaMM fy =0, t,, 
ty ses tis tigqs + tg =T ¢ mocTosHHbIM warom h=t,,; —4; [15]. 


UncilenHoe pelienve cucTeMbI AuddepeHuMabHbIX ypaBHeHHuH (3) ocyujecTBIAeTCA MeTOLOM Pyure — KytTpi 
yYeTBepTOrO NopsyKa: 





Xj4) =X; +l, + 2k) +2k; +k), i=0, q-1 ’ 
k, =f (Ky Uu;, t;)s 


h h 
ko=# (xi +5-ka wis tet), (5) 


h h 
k; =f] x; +~-k», u;,44+—], 
3 [x 2 2a 47 *| 


J\na petienusa 3ayqauu yqoOuo BBecTH gk -MepHbIii MOJHBIM BeKTOp ynpaBleHui U = (u;), i=1, q. pu 9Tom 


pa3HocTHoli anmpokcumarmeit KpuTepHasbHoro (byHkuMoHaia (4) sBIIeTCH BbIPAKEHHe: 
q 
J =J(U)= > Fo(x;, uj.t;)-4 > max. (6) 
i=0 


3ayqjaua pelliaeTca B IpHBeeCHHOM HW Ke NOCeAOBAaTeJIbHOCTH. 

1) 3aqaetca nomHEIi BeKTOp yupaBieHni U . 

2) UucnenHo pellaetca ucxoqHad cucTema AuddepeHuMasIbHbIX ypaBHeHHH (3) c MOMOLIbIO COOTHOMeHHH (5) 
VM BBIMHCIIAeTCA 3HAYCHHe KPUTepHasbHOrO (yHKWHOHaa (4) c HOMOLIbIO pasHOCcTHOH anmpoKcumaun (6). 

3) UucneHHo HHTerpupyeTca CHCTeMa CONPs.KeHHBIX ypaBHeHHit (B HallpaBJIeHHH «cIIpaBa HasIeBO»») COracHo 
COOTHOMICHHAM: 





OF; ; 
Pi=Pist th SO 4G Bist hy i=1, q-I, (7) 


1 


Pg =0. 





7 Of (x;,U;,;) 
3iech p= p(t) — J)BOMCTBeHHEIe NepeMeHHEIe NpHHUwNa MakcuMyma Ilontpsruna; G; = Ox MaTpH- 
L 
ta AkoOu, cocTaBieHHad [Ia CucTeMBI (3). 

4) Bemomusaetca Mpoyecc onTuMu3anuu 10 BexTopy U. B qaHHoi paOoTte B KayecTBe MeTOJa ONTHMN3AalHu 
MCHOb3OBAJICA TEHCTHYCCKHM AITOPHTM C BeLIeCCTBCHHBIM KOJMPOBaHHeM H JOMOJIHHTeIbHBIM TOHCKOM B OKpeCTHO- 
CTH Tyullero pelleHHA C TOMOLMI[bIO MeTOJa COMPAKEHHBIX PTpaqHeHTOB. 

Jia paccmMaTpHBaeMoiM 3aa4H ONTHMu3alMH MeTaHOreHe3a BeKTOp (a30BbIX TePCMCHHBbIX paBeH 


X= colon (Xj, L,, X, Ly) , BEKTOp yipaBJIeHHaA U = colon (uu ) , a MaTpuua KOOM MMeeT BUI: 




















Mngt — mar ii Agi X1 4 Pima *1 0 0 
ath b+h (+L) (bh +L) 
Bib mg iy BiatMmgi X] 
ae ie 0 ° 
é ie (a, +L) 
hau 0 Hmg2t2  Mmd2bo 4, A2Hmg2Xo | botmar*2 
. 2 
ay +Ly by +Ly (ay +L, y (d, +15 y 
5 : Bobmg2Lo , B247Mme2X2 
2 ——— 2 
ay + Ly (a4+i5) 
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Pe3yIbTaTbi HcceqOBaHHA. DuKcupyloTcA TeopeTH4ecKHe 3HAYeHHA MepeMeHHBIX, HalieHHbIxX B pe3yIbTa- 

Te YACICHHOTO pellleHua CHCTeMbI WHddepeHIMaIbHbIX ypaBHeHHM MaTeMaTHYecKOM MOyeuM MeTaHoreHe3a. Y4UTEI- 

BalOTCA OTKIIOHCHHA YKa3aHHbIX 3HAYeCHHM OT SKCICPHUMECHTAJIbHbIX 3HAYCHHU OTHOCHTeJIbHO BeKTOpa MapaMmerTpos [10, 

16] (va6n. 1). 3HadeHUA MapaMeTpoB MOJesIM MeTaHoreHe3a OLeCHHBAaIOTCA IyTeM MHHUMH3alIMH CYMMBbI KBaipaToB 
9TMX OTKIOHEHHH. 

Ta6snnua 1 


OueHku 3HaveHui TWapaMeTpoB MOJesIM MeTaHoreHesa JIA Me30PUIbHOH / TepMOdUIIbHON cpey 






































UctTouHnk cbIpba 
Kospounnent 

IIrnyedaopuxu CBHHOKOMITJICKChI @Mepmpi KPC 

Ung 0,482 / 0,821 0,346 / 0,783 0,297 / 0,563 

Und 0,353 / 0,528 0,291 / 0,423 0,254 /0,351 

a 34,781 / 43,875 7,242 / 21,653 5,013 / 8,733 

b 116,457 / 14,674 37,347 / 9,278 18,722 / 5,455 

B 2,344 / 3,189 1,495 / 2,084 1,413 / 1,983 

Y 1,463 / 1,963 1,373 /1,907 1,299 / 1,813 








PaccmatpuBatoTca cllezyrouiMe ciocobs nepepadorKu cyOctTpata. 
I. Ucntomp3yetca eMHCTBeHHBIM MeTaHTeHK. 


II. Ucnons3yrotca Ba MeTaHTeHKa C MOCMeqOBaTeIbHOM NepepadoTKol cyOctTpata, TeMMlepaTypHble cpeJbl B 


KOTOPBIX COBIIaaror. 


IIpu STOM AIA KAKTOTO MeCTaHTCHKa BO3MOKKHbI [Ba BapHaHTa CpeJbl: Me30QWJIbHaa WIA TepMo@uibHaa 



































(Ta6u. 2). 
OntTuMasIbuble lapaMeTpbl MeTaHoreHe3a 
Sip aerepicman VcTounnk cbIpba 
IIrnyedaopuxu CBHHOKOMIIJICKCBI @Depmpr KPC 
I. OquH MeTaHTeHK c Me30cubHOH / TepModusIbHOM cpeyor 
u, cyt! 0,149 / 0,402 0,128 / 0,341 0,112 / 0,268 
w, M’/cyT 7,25 / 24,51 3,58 / 10,76 1,81 /5,42 
i fis. % 56/43 51/38 52/41 
II. [pa MeTaHteHka c Me30cuIbHON / TepMOPUIbHOM CpesOii B KaxKOM 

us cyt | 0,168 / 0,432 0,144 / 0,362 0,117 / 0,287 
U5 ,cyT 0,491 / 2,448 0,412 / 1,858 0,367 / 1,424 
w, M/cyT 15,19 / 50,21 7,79 / 22,19 3,85 / 10,92 
15/1, % 45/35 38 / 33 38 / 33 














II. [Ba MeTaHTenka, B TlepBoM — Me30(PHJIbHas, BO BTOPOM TepMo*ubHas cpeza / 


B Tl€¢pBOM — TepModuwibHas, BO BTOpOM — Me30HIbHad cpea 




















uy cyt | 0,149 / 0,402 0,128 / 0,341 0,112 / 0,268 
U3, cyT 0,312 / 0,051 0,222 / 0,059 0,183 / 0,051 
w , M/cyt 15,35 / 25,12 6,61 / 11,42 3,26 / 5,42 
I,/Io,% 30/34 29 / 35 26 / 32 
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* * 
371ecb u — OTITHMAaJIbHbIC 3HAYCHHA OTHOCHTCJIBHOH CKOPOCTH MOCTYNJICHHA cyOctTpata; Ww — COOTBCT- 


* 


cTByIOWMii UM cpeyqHecyTOUHBI BbIXO], Ouora3za; — — I0JIHOTa TlepepaOoTKH TIMTaTeCJIbHBIX BCIICCTB cyOctTpata. 
0 


Tpaduknu ckopoctu oOpa30BaHua Ovora3za WOKa3aHbl Ha puc. 2. 


CxopoctTb o6pa30BaHusa Onora3a: 
— —B CXe€Me C OTHHM MCTaHTCHKOM 
B CxXeMe C TBYMA M€TaHTCHKaMu 











CxopoctTb o6pa30BaHHa Onora3a: 
— —B CxeMe C OTHHM MCTaHTCHKOM 
B CX€Me C JIBYMA M€TaHTCHKaMu 








0 20 40 60 80 100 
t, cym 
6) 
Puc. 2. Ckopoctb o6pa30BaHua Ovora3a IPH HCIOL30BaHHH OTXOOB CBHHOKOMIMICKCOB JIA JBYX MeTaHTCHKOB 
C Me30(PHIbHOL (a) H TepMod@usbHOH (6) cpeyzo B kaxKOM 


IH. Ucnonp3yrotca 4Ba MeTaHTeHKa C HOCIeOBaTeIbHOM MepepadoTKol cyOcTpata, TeMiepaTypHble cpebI B 
KOTOPBbIX OTJIM4ALOTCA. 

IIpu 9TOM paccMaTpHBaloTCA Ba BapHaHta. 

1) B nepBoM MetTaHTeHKe Me30(uIbHas Cpeya, a BO BTOPOM — TepModusIbHaA. 

2) B nepBoM MeTaHTeHKe TepMO*uIbHasd Cpeyla, a BO BTOPOM — Me30¢pHIbHaa. 

OnTuMasIbHble 3Ha4eHHA TapaMeTpos CM. B Tab. 2. 

Ha puc. 3 mpuBeyen rpadbuk cKopocTn oOpa30BaHHa Onoraza. 
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w, CxopocTb o6pa30BaHua Onora3a: 
— —B CxeMe C OJHHM MeTaHTeHKOM 
mM” /cym B CXEME C JJIBYMA MeTaHTeHKaMu 

















0 20 40 60 80 100 
t, cym 
a) 
w, CxkopoctTb o6pa30BaHHa Onora3a: 
— — B CXeMe C OJJHHM MeTaHTeCHKOM 
am” /eym B CXeMe C JBYM MeTaHTeHkaMu 


Eid 

REL 
P| | TT 
tit 


0 20 40 60 80 100 
t, cym 











6) 
Puc. 3. Ckopocts o6pa30BaHHa Ouora3a IPH HCMOb30BaHHH OTXOJOB CBHHOKOMIMICKCOB H JByX MeTaHTCHKOB: B IIepBOM 
MeTaHTeHKe Me30HIbHas, BO BTOPOM — TepModusibHaa cpeyla (a); B WepBOM MeTaHTeHKe TepModuibHat, 
BO BTOPOM — Me30cuIbHas cpeya (6) 


Vcnomb30BaHve OAHOrO MeTaHTeHKa IPH HerpepbIBHOM pexuMe PepMeHTAaHH MO3BOAeT TepepadoTaTs MH- 
TaTeJIbHble BelecTBa cyOcTpata Ha 40-45 % yA Me30@uIbHOH cpeybI U Ha 50-55 % — ya TepModusIbHON. 

IIpu ucnoub30BaHHu JBYX Me€TaHTeHKOB C OAMHAKOBbIMH TeMIepaTypHbIMH cpesaMu OIA TepepadoTKu cyO- 
cTpata yBemmunBaetca Ha 10 % AIA Me30c:uIbHOH u Ha 5 % AIA TepModusbHOu cpey. pu stom cpeqHecyTouHas BBI- 
paOoTka Ouora3a BO3pacTaeT NpakTHYeCKH BABOe. CkopocTb oOpa30BaHHA Ouora3za LIA TepPMOPUIbHOM cpeAbI UpakTH- 
YeCKH BBOE BBIILe, 4EM AJIT Me30*HIbHOM. 

J|Ba MeTaHTeHKa, SKCIUIyaTHpyeMBble B pa3JIM4HbIX TeMIepaTypHbIX Cpeyax, JEMOHCTPHPYIOT pa3zIM4Hble pe- 
3yIbTaTbl. Tak, pH HCHOb30BaHHH MepBOro BapHaHTa AOJIA MepepadoTKH cyOcTpaTa UpHMepHo Ha 25 % BBIIe, YeM 
IIPH HCHOMb3OBAHHM OJHOTO MeTaHTeHKa C Me30@HJIbHOK cpexol. pu Bropom BapuaHTe AoA MepepadoTKH cyOcTpata 
Ha 5-10 % Bplue, 4eM IPH HCMONb30BAHHM OMHOTO MeTaHTeHKa C TepMOuIbHOM cpeyou. Kpome Toro, opraHH3ala 
Tipolecca 10 TepBomy BapHaHTy OOecHedMBaeT MpakTH4eCKH AByKpaTHOe yBeIMYeHHe CKOpocTH OOpa30BaHHA Onoraza 
(ec CpaBHHBaTb C OMHHM MeTaHTeHKOM C Me30HJIbHO Cpezoii). Bo BTOpoM BapHaHTe 3HayMMbIM MIpHpocT CKOpocTH 
He OTMeyaeTcA (CCIM CpaBHUBaTb C TepMOPUIbHOH cpezon). V3 BriecKa3aHHOro CileLyeT, YTO HCHOIb30BaHHe BTOPO- 
TO BapHaHTa Heljesecooopa3Ho. 

IlepBeli BapHaHT HECKOJIbKO MpOHIpbiBaeT B CKOPOCTH OOpa3z0BaHHA OnOra3za CIyYaIO HCHONb3OBAHHA JBYX 
MeTAHTeCHKOB C Me30@HIbHOM cpeqol B KaxKOM, XOTA OOecrIeuMBaeT Oosee BEICOKyroO (Ha 10-15 %) cTerleHb Mepepa- 
OoTKH cyOcTpaTa. ITO CBA3aHO C TEM, YTO IPH MCHOL30BaHHU AByX M€TAHTCHKOB C Me30HJIbHOM CpeAOl ONTHMaIb- 
Hbl€ 3HAa4CHHA OTHOCHTEIBHBIX (a CIICOBATeIbHO, H aOCOJIOTHBIX) CKOPOCTei MOcTyMIeHHA CyOcTpata BBILLe, T. €. B 
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eMHULy BpeMeHH TepepabaTpiBaetca OombuIe cyOcTpata. CkopocTb oOpa30BaHHa Ovora3a WIA BTOporo BapHaHTa 
BUBOe HWKe, YM JIA CILY4ad MCHOML3OBaHHA J[BYX MCTAHTCHKOB C TePMO*MJIbHOU cpeyoH. 

Oécyxjenne u 3aKIOUeHHA. PaspadboTaHbI MaTeMaTH4ecKHe MOJeuIH, OMMCbIBaIOLMe MeTaHOreHe3 TIpH T10- 
CyleqOBaTeIBHOM MepepaOotKe cyOctpata B AByX MeTaHTeHKax, KOrla TeMMepaTypHble Cpe{bI B HHX COBMAaloT HU OT- 
JIMuaIoTcA. ITHM MOJeJIAM COOTBETCTBYeT 3aa4a ONTHMAJIbHOTO yipaBJIeHHA TIpOWeccOM MeTaHOreHe3a Ha OCHOBe 
TIpHuwuna MakcuMyMa Ilontpsaruua. B padote mpescTaBleH asIropuTM ee pelleHua. YpaBsAIOWMMu TapaMeTpaMu 
CJIY2KAT OTHOCHTEJIBHbIC CKOPOCTH MOCTyIWIeHHA CyOCTpaTa B MeTaHTeCHKH. 

B pe3ylIbTaTe YHCICHHBIX HCCIEOBAHHM OOHAPY2KeHO, ATO NOCMeETOBATeIbHOe UCHOMb30BAHHe JBYX MeTAaH- 
TCHKOB C OJMHAKOBbIMM TeMIepaTypHBIMU cpeaMH MO3BOJACT YBCIMYHTb CTeleHb MepepadoTKH cyOcTpata Ha S— 
10 %. IIpu stom cKopocTs oOpa30BaHHa Ouora3a BO3pacTaeT BABOe. CTeTleHb HepepaOoTKH cyOcTpata AIA Me30*pHJIb- 
HOrO pexkuMa Takxe Ha 5—10 % Bbme, 4eM AIA TepMod@ubHoOro. IIpu 9TOM cKopocTb OOpa3s0BaHHa Ouora3a B TepMO- 
(PHIBHOM cpeye MpakTHYeCKH BABOe BBIIMe, eM B Me30PHJIbHOM. ITO cBa3aHO Cc Oosee BbICOKOM MHTCHCHBHOCTbIO 
TIpolecca (BbILe ONTHMaJIbHOe 3HaYeHHe OTHOCHTeIBHOM CKOPOCTH MocTylsIeHuA CyOcTpata). 

Take 10Ka3aHbl pe3yJIbTATbI SKCIUIyaTaljM Me€TAHTeHKOB C pa3JIMYHbIMH TeMIepaTypHbIMH cpeyamu. B nep- 
BOM BapHaHTe cyOcTpaT cHayasia epepadaTEIBaeTCaA B Me30C(HJIBHOM Cpefe, a 3aTEM MOCTYMaeT B MCTAHTEHK C TepMO- 
(puIbHON cpegzoi. Bo BTOpoM BapvaHTe, HaobopoT, cyOcTpaT 43 MeTaHTeHKa C TepMOUIbHOM Cpesoi MocTynaeT B 
MeTaHTeHK C Me30uJIbHOM cpexoii. [pu nepBomM BapnaHte MepepaOaTEIBaeTca Combe cyOcTpata. Ec cpaBHUBaTb C 
IIPHMeHeHHeM OJHOTO MeTaHTeHKa C Me30(PHIbHOM CpesOM, IpeHMyIecTBO CocTaBsIAeT OKONO 25 %. Ec cpaBHUBaTb 
C MCIOJIb30BaHHeEM OJHOTO MeTaHTeHKa C TepMOPuIbHOM cpezoi — 5—10 %. J[ua nepBoro BapHaHTa cKOpocTb oOpa- 
30BaHuA Ovora3a WpakKTHYeCKH BBO BBbILe 10 CpaBHeHHIO CO ClyyaeM OAHOTO MeTaHTeHKa C Me30(HJIbHOM cpezol. 
Bo BTOpoM BapHaHTe CKOpOCcTb OOpa30BaHHaA Onora3a MOUTH Takas %Ke, KAK Tp MCHOIb30BAaHHH OJHOTO MeTAHTeHKa C 
TepModusIbHOM cpexor. TakuM oOpa30M, IpHMeHeHHe BTOPOro BapHaHTa HelesecooOpa3Ho. 

J|na TlepBoro BapHaHTa CKOpocTb OOpa30BaHHA Onora3a HECKOJIbKO HWKe, YM B Cily4ae MIpHMeHeHHA JBYX 
MeTaHTeCHKOB C Me30HJIbHOM CpeqOl B KaxKOM, HO B TO 2%Ke BPeMA CTeHeHb MepepadoTKH cyOctTpata Bbiue Ha 10- 
15 %. Ckopoctb o6pa30BaHHa Ovora3a BO BTOPOM BapHaHTe BABOe HKe, YEM IPH HCHOb30BAaHHH JIBYX Me€TaHTCHKOB 
c TepMO*uJIBHOM Cpesol B KaxK OM, 4TO elle pa3 NOKa3bIBaeT HeIPPeKTHBHOCTL BTOPOTO BapHaHTa. 
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